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Abstract
Wnt-11/Xfz7 signaling plays a major role in the regulation of convergent extension movements affecting the dorsal marginal zone
(DMZ) of gastrulating Xenopus embryos. In order to provide data concerning the molecular targets of Wnt-11/Xfz7 signals, we have
analyzed the regulation of the Rho GTPase Cdc42 by Wnt-11. In animal cap ectoderm, Cdc42 activity increases as a response to Wnt-11
expression. This increase is inhibited by pertussis toxin, or sequestration of free G subunits by exogenous Gi2 or Gt. Activation of
Cdc42 is also produced by the expression of bovine G1 and G2. This process is abolished by a PKC inhibitor, while phorbol esther
treatment of ectodermal explants activates Cdc42 in a PKC-dependent way, implicating PKC downstream of G. In activin-treated animal
caps and in the embryo, interference with G signaling rescues morphogenetic movements inhibited by Wnt-11 hyperactivation, thus
phenocopying the dominant negative version of Cdc42 (N17Cdc42). Conversely, expression of G12 blocks animal cap elongation. This
effect is reversed by N17Cdc42. Together, our results strongly argue for a role of G signaling in the regulation of Cdc42 activity
downstream of Wnt-11/Xfz7 in mesodermal cells undergoing convergent extension. This idea is further supported by the observation that
expression of Gt in the DMZ causes severe gastrulation defects.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Morphogenetic movements of gastrulation result from
the strict coordination of individual cell motility within
defined cell populations. These movements have been pre-
cisely described in Xenopus. They include ectoderm epiboly
(Marsden and DeSimone, 2001), vegetal rotation (Win-
klbauer and Schurfeld, 1999), mesendoderm cell migration
(Davidson et al., 2002; Keller, 1991), and convergent ex-
tension of trunk mesoderm and neural ectoderm (Keller et
al., 2000). How individual cell behaviors can determine the
movement of a whole tissue is best understood in the dorsal
marginal zone (DMZ), where convergent extension occurs.
Deep cells of the DMZ intercalate along the mediolateral
axis, producing a narrowing and a lengthening of the tissue.
In the mesoderm, this process relies on the stabilization of
medial cell protrusions providing a bipolar shape to the cell,
combined with active motility and traction at the two poles
of the cell (Keller et al., 2000). Regulation of mediolateral
intercalation is not established prior to gastrulation but re-
flects organizing events at gastrula stage that involve signals
emanating from the external epithelial layer of the DMZ
(Domingo and Keller, 1995; Shih and Keller, 1992).
There is increasing evidence that Wnt-11 signaling is
playing a central role in the control of DMZ cell behavior in
Xenopus. Wnt-11 is strongly expressed in the epithelial
layer of the DMZ. Expression of a truncated form of Wnt-11
in the DMZ inhibits convergent extension movements (Tada
and Smith, 2000). Wnts interact with seven pass transmem-
brane receptors of the frizzled family (Bhanot et al., 1996).
A frizzled receptor, Xfz7, is expressed in the deep cells of
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the DMZ (Djiane et al., 2000; Medina et al., 2000) and is
probably involved in the transduction of Wnt-11 signals in
the gastrula. A secreted form of Xfz7 retaining only the
extracellular cysteine-rich domain (extra-Xfz7) coimmuno-
precipitates with Wnt-11 and phenocopies the effect pro-
duced by the truncated form of Wnt-11, when expressed in
the DMZ (Djiane et al., 2000). The importance of Xfz7
during gastrulation has been recently analyzed using anti-
sense morpholino oligonucleotide strategy. Depletion of
Xfz7 causes an arrest of gastrulation. This is partly due to an
inhibition of convergent extension movements (Sumanas
and Ekker, 2001). However, Xfz7 also appears to have a
critical function in the regulation of the adhesive properties
of DMZ cells. In the early steps of gastrulation, it is essen-
tial that the innermost cells of the DMZ forming the dorsal
region of the blastocoel roof remain separated from the
underlying mesendoderm (Wacker et al., 2000). Depletion
of Xfz7 encoded by one of the two Xfz7 pseudoalleles is
sufficient to cause isolated mesendodermal tissue to mix
with blastocoel roof, instead of remaining separated (Win-
klbauer et al., 2001).
The identity of the molecular targets of Wnt-11/Xfz7
signaling involved in the control of cellular behavior during
gastrulation is yet only poorly understood. Transcriptional
targets activated downstream of the canonical Wnt pathway
that lead to stabilization of cytoplasmic -catenin are prob-
ably not involved (Djiane et al., 2000; Tada and Smith,
2000). A second transduction pathway potentially acting
downstream of Wnt/Fz results in the activation of pertussis
toxin (Ptx)-sensitive heterotrimeric G-proteins and PKC.
Activation of this pathway downstream of Wnt-5A and rat
Frizzled 2 has been established (Sheldahl et al., 1999;
Slusarski et al., 1997). It may be involved in the regulation
of intercellular adhesion since in a cell aggregation assay,
Wnt5A decreases Xenopus blastomere adhesion in a Cdc42-
dependent way (Choi and Han, 2002). The observation that
Xfz7-dependent regulation of mesendoderm cell adhesion is
sensitive to Ptx, and that overexpression of PKC is sufficient
to restore the adhesive properties altered by Xfz7 depletion,
strongly argues for a role of trimeric G-proteins and PKC in
the control of tissue separation (Winklbauer et al., 2001).
Nevertheless, the identity of downstream components con-
trolling cell adhesion remains obscure.
A third class of molecules acting in the Wnt/Fz signaling
pathways are the Rho subfamily of GTPases. These mole-
cules are key regulators of the actin cytoskeleton, and con-
trol transcriptional targets through the activation of the
JNK/SAPK pathway. Evidence for the role of Rho GTPases
downstream of frizzled has first arisen from the analysis of
Drosophila mutants affecting the establishment of planar
cell polarity (PCP) of epithelia in developing eyes, dorsal
thorax, and wings. Genetic dissection of the PCP pathway
has shown that the Rho GTPase RhoA and Rac are activated
in a pathway involving frizzled and dishevelled (Fanto et
al., 2000; Mlodzik, 1999). A growing amount of data sup-
port the idea that a vertebrate equivalent of the PCP path-
way activated downstream of Wnt-11/Xfz7 controls at least
some of the cellular behaviors involved during mediolateral
intercalation of the cells in the DMZ. Dorsal expression of
dominant-negative versions of dishevelled blocks conver-
gent extension (Sokol, 1996; Wallingford and Harland,
2001). Both gain-of-function and loss-of-function of di-
shevelled inhibit DMZ cell polarization during gastrulation
(Wallingford et al., 2000). The ability of dishevelled to
rescue the phenotype induced by a truncated form of
Wnt-11 (Tada and Smith, 2000), and to synergize with Xfz7
to produce gastrulation defects (Djiane et al., 2000), indi-
cates that dishevelled is a downstream component of Wnt-
11/Xfz7 signalling. A novel protein, Daaml, mediates the
formation of a complex between dishevelled and RhoA in
response to Wnt-11/Xfz7 signals. The inhibition of Daaml
function leads to an arrest of gastrulation (Habas et al.,
2001), implicating that the recruitment of RhoA by dishev-
elled is an important feature of the signals regulating DMZ
cell behavior. Recently, a Xenopus homolog of the Dro-
sophila PCP gene strabismus (stbm) has been isolated.
Gain-of function and loss-of-function of stmb inhibits con-
vergent extension movements (Darken et al., 2002; Park and
Moon, 2002). Overexpression of stbm in DMZ cells leads to
a loss of polarization and mediolateral intercalation (Goto
and Keller, 2002). Yet, the function of stbm in the regula-
tion of RhoA is not known.
We have previously reported that Wnt-11 or Xfz7 over-
expression blocks activin- induced morphogenetic move-
ments of animal caps and that it is possible to reverse this
effect by the coexpression of a dominant-negative form of a
second member of the Rho-subfamily, Cdc42. Conversely,
a constitutive version of Cdc42 restores the movements
when Wnt- 11/Xfz7 signalling has been inhibited by the
expression of extra-Xfz7 (Djiane et al., 2000). Besides, it
has been shown recently that interference with Cdc42 func-
tion causes an arrest of gastrulation and an inhibition of
convergent extension movements (Choi and Han, 2002).
This raises the question to know whether Cdc42 is a second
target of Wnt-11/Xfz7 signals implicated in the control of
morphogenetic movements. Here, we report that Wnt-11
expression causes Cdc42 activation in animal cap ectoderm.
This process is totally abolished by Ptx and by sequestration
of free G subunits, implicating trimeric G proteins in the
transduction of Wnt-11 signals upstream of Cdc42. We
further show that overexpressing exogenous G1 and G2
also provokes Cdc42 activation. Hence, G signaling is
not only necessary but also sufficient for Cdc42 activation.
Using pharmacological activators and inhibitors of PKC, we
provide data suggesting that PKC is likely to be involved in
the regulation of Cdc42 activation by G signaling. In a
second set of experiments, we have tested whether the data
obtained in ectodermal cells is relevant for mesodermal
cells undergoing convergent extension. We report that ei-
ther in activin-treated animal caps or in the embryo, inhi-
bition of G signaling restores the morphogenetic move-
ments blocked by the hyperactivation of Wnt-11 signals.
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We further show that overexpression of exogenous G1 and
G2 inhibits animal cap elongation in response to activin.
This effect is reversed by coexpression of dominant nega-
tive Cdc42. Finally, we provide evidence that inhibition of
G in the DMZ leads to severe gastrulation defects.
Materials and methods
Embryo manipulation
Xenopus lævis were purchased from the CNRS Xenopus
breeding center (Rennes, France). Embryos were obtained
by artificial fertilization and were cultured in modified
Barth’s medium (MBS). Stages were determined according
to Nieuwkoop and Faber (1967).
Plasmid constructs and RNA transcription
Origin and construction of vectors allowing expressions
of Wnt-11 (pCS2-MT- XWnt11), Xfz7 (pCS2-Xfz7), extra-
Xfz7 (pCS2-extra-Xfz7), Xdsh (Sokol, 1996), N17Cdc42
(pSP64T-Cdc42T17N; Drechsel et al., 1997), and -galacto-
sidase (SP6nucGal; Smith and Harland, 1991) have been
previously described (Djiane et al., 2000). pCS2-Ptx and
pCS2-- transducin respectively encoding the A protomer
of pertussis toxin and Gt (Slusarski et al., 1997), as well as
pCS2-Gi2 (Sheldahl et al., 1999), have been kindly pro-
vided by R.T. Moon. pGEM HE-G1 and pFROG-G2
allowing expression of bovine G1 and G2 subunits (Lutz
et al., 2000) are the generous gift of S. Hammes and L. Jan.
The cDNA encoding a GFP-yeast Cdc42 (Murray and John-
son, 2000) has been given by J.M. Murray. The coding
sequence has been inserted in pSP64T. For RNA transcrip-
tion, plasmids were linearized with NotI (all pCS2
contructs, pFROG-G2), BamHI (pSP64T-Cdc42T17N,
pSP64T-GFP-Cdc42), or NheI (pGEM HE-G1), and tran-
scribed according to strandard procedures (Krieg and Mel-
ton, 1987), with SP6 polymerase, except for pGEMHE-G1
which was transcribed with T7 polymerase.
Microinjection, animal cap assays
RNA microinjection was carried out in MBS containing
3% Ficoll. Embryos were microinjected at the four-cell
stage either close to the animal pole in each blastomere for
animal cap expression, or close to the equator in the two
dorsal blastomeres, for DMZ expression. Embryos were
cultured in 0.1  MBS. Animal caps were dissected at the
midblastula stage. They were either cultured in 1MBS to
be further processed for Cdc42 activity assay or incubated
for 1 h with 10 u/ml activin (kindly provided by J.C. Smith)
for animal cap elongation assay (Dijiane et al., 2000). Ex-
plant treatment with Bisindolylamelimide I (BIS; Sigma) or
Phorbol-12- myristate-13-acetate (PMA; Sigma) was car-
ried out in 1  MBS containing BIS or PMA at 1 M
concentration. PMA efficiency was controlled by analyzing
PKC-myc relocalization to the plasma membrane as de-
scribed (Sheldahl et al., 1999).
Cdc42 activity assay
Isolation of activated Cdc42 from ectodermal cap lysate
was performed by affinity for the protein-binding domain of
p-21 activated kinase (PAK-PBD) as described by Parast et
al. (2001), except that the measure was done with exog-
enously expressed GFP-Cdc42. Expression of GFP-Cdc42
was obtained by microinjection in each blastomere of 100
pg GFP- Cdc42 mRNA alone, or mixed with mRNA en-
coding Wnt-11 (25 pg), Xfz7 (125 pg), Ptx (2.5 or 25 pg),
Gi2 (250 pg), Gt (25 pg), or G2 (250 pg), or G2 (250
pg). Animal caps were dissected at blastula stage 8 and were
cultured until gastrula stage 10.5–11.5. GST fusion protein
of PAK-PBD was produced from bacteria transformed with
pGEX GST-PBD and bound to glutathione–agarose beads
as described (Parast et al., 2001). Embryonic explants were
lysed in buffer B containing 100 mM NaCl, 1% Triton
X-100, 0.5 mM MgCl2, 50 mM Tris, pH 7.6, and 1 mM
PMSF, 10 g/ml aprotinin and 10 g/ml leupeptin as pro-
teases inhibitors. Lysates were centrifuged for 10 min to
remove yolk and were further incubated with 20 l bead
slurry containing 30–60 g GST-PBD for 30 min at 4°C.
Beads were washed four times with buffer B and were then
boiled for 5 min in Laemmli sample buffer. Quantification
of activated GFP-Cdc42 bound to GST-PBD was carried
out by Western blotting using monoclonal anti-GFP anti-
bodies (Roche) and HRP-conjugated anti-mouse IgG anti-
bodies (Jackson Laboratories). GFP-Cdc42 bands were re-
vealed with the ECL kit (Amersham) and autoradiography.
Densitometric analysis of bands was performed by using the
GelDoc system (Biorad).
Analysis of gene expression and -galactosidase staining
In situ hybridization for brachyury (Xbra) (Smith et al.,
1991), goosecoid (gsc) (Cho et al., 1991), Xnot (von Das-
sow et al., 1993), Sox-3 (Penzel et al., 1997), and Otx-2
(Pannese et al., 1995) was carried out as previously reported
(Djiane et al., 2000). RT-PCR was carried out as described
by Gawantka et al. (1995). Primer sequences were as de-
scribed (Djiane et al., 2000; Umbhauer et al., 2001). Stain-
ing for -galactosidase was done according to previously
published procedures (Vize et al., 1991).
Results
Wnt-11expression in ectodermal cells causes activation of
Cdc42
We have previously reported that a dominant-negative
version of Cdc42 (N17Cdc42) is able to restore morphoge-
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Fig. 1. Activation of Cdc42 in response to Wnt-11 expression in animal cap ectoderm. Cdc42 assay (GST-PBD pulldown) was performed with a GST-fusion
protein derived from PAK (PBD) that specifically binds GTP-bound Cdc42 (see Materials and methods). The active fraction of Cdc42 was precipitated from
lysates of animal cap ectoderm expressing GFP-Cdc42 alone (control) or in combination with Wnt-11 or Xfz7, and was quantified by Western blotting. (A)
Representative Western blot. The upper panel represents the GFP-Cdc42 fraction precipitated by affinity for GST-PBD. The lower panel represents
immunodetection of total GFP-Cdc42 present in the lysate. PBD represents control lysate incubated with uncoupled glutathione–agarose beads. The amount
of active GFP-Cdc42 estimated by densitometry was normalized to the total amount of the corresponding protein in the lysate. R, ratio of Cdc42 activity in
a sample to the activity measured in explants injected with GFP-Cdc42 alone. (B) Quantitative results of four independent experiments. Relative Cdc42
activity represents the R value described in (A). Cdc42 activity is significally increased by 2.3-fold in response to Wnt-11 expression (P  0.05). Although
increasing in (A), Cdc42 activity in Xfz7-expressing explants does not appear to significantly increase on average (P  0.2).
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Fig. 2. Cdc42 activation in response to Wnt-11 expression requires G signaling. Active Cdc42 was isolated by GST-PBD pulldowns (see Fig. 1) from
animal cap ectoderm lysates expressing Wnt-11 alone or in combination with pertussis toxin (Ptx), Gi2, or Gt. Lysates from explants injected with
GFP-Cdc42 alone were used as negative control. (A) Representative Western blot. R, ratio of Cdc42 activity in a sample to the activity measured in explants
injected with GFP-Cdc42 alone. (B) Quantitative results of four independent experiments. Relative Cdc42 activity represents the R value described in (A).
Expression of Wnt-11 causes a significant increase of Cdc42 activity (P  0.03). Inhibition of G-protein transduction by Ptx or by sequestration of free G
subunits with Gi2 or Gt causes Cdc42 activity to drop to control level in the presence of Wnt-11 (P  0.5, P  0.6, and P  0.7, respectively).
Fig. 3. Cdc42 activation in response to G1 and G2 expression requires PKC. Active Cdc42 was isolated by GST-PBD pulldowns (see Fig. 1) from animal
cap ectoderm lysates expressing GFP-Cdc42 alone (control) or in combination with bovine G1 and G2 subunits. The measure was also performed on
lysates from G12-expressing explants incubated with a PKC inhibitor (BIS). (A) Representative Western blot. R, ratio of Cdc42 activity in a sample to
the activity measured in explants injected with GFP-Cdc42 alone. (B) Quantitative results of four independent experiments. Relative Cdc42 activity represents
the R value described in (A). Upon expression of G1 and G2 subunits, Cdc42 activity is significantly increased by 2.4-fold (P 0.01) and drops to control
level as the result of BIS treatment (P  0.4).
Fig. 4. Cdc42 is activated in response to PMA. Active Cdc42 was isolated by GST-PBD pulldowns (see Fig. 1) from lysates of animal cap ectoderm explants
expressing GFP-Cdc42 and treated for various times with PMA to activate PKC. As a control for PMA specificity, the same analysis was performed in parallel
with explants that had been preincubated with BIS before PMA treatment. (A) Representative Western blot. R, ratio of Cdc42 activity in a sample to the
activity measured in explants injected with GFP-Cdc42 alone. (B) Quantitative results of four independent experiments. Relative Cdc42 activity represents
the R value described in (A). Upon PMA treatment, Cdc42 activity increases to reach a maximum at 10 min incubation (2.5-fold, P  0.01). This effect is
totally abolished by preincubation with BIS.
Fig. 5. Sequestration of free G rescues convergent extension in a context of Wnt-11 hyperactivation. Messenger RNA encoding Wnt-11, Xfz7, or Xdsh
alone, or mixed with either Gi2 or Gt mRNA, was microinjected at the four cell stage in the four blastomeres close to the animal pole. Animal caps were
dissected when embryos reached the midblastula stage, and were incubated with activin (10 U/ml). They were further cultured until late neurula stage, at
which time explant elongation was scored. Expression of Wnt-11, Xfz7, or Xdsh inhibits explant elongation occuring in uninjected controls. Sequestration
of free G by Gi2 or Gt restores elongation.
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netic movements blocked as a result of the hyperactivation
of Wnt- 11 signaling (Djiane et al., 2000). This raises the
question to know whether Cdc42 is actually a target of
Wnt-11 signaling, or whether it is more indirectly involved
in the cellular response to Wnt-11. To test this, we have
analyzed the effect of expressing Wnt-11 or its putative
receptor Xfz7 upon Cdc42 activation in animal cap ecto-
derm. This tissue provides a suitable system to measure
Fig. 6. Sequestration of free G restores blastopore closure inhibited by Xfz7 overexpression. Messenger RNA encoding Xfz7 and -Gal alone, or mixed
with Gi2 mRNA, was microinjected at the four cell stage in the two dorsal blastomeres at the equator level. Embryos were cultured until midneurula stage
and were processed for -gal staining. Embryos with dorsal staining were scored for blastopore closure defects. Embryos with mild defects, including a
retardation of blastopore closure and inhibition of dorsal axis elongation, were scored as BpI. Embryos with a clear inhibition of blastopore closure showing
externally exposed endodermal cells were scored as BpII. Xfz7 expression causes a strong inhibition of blastopore closure with a majority of BpII phenotype.
Coexpression of Gi2 significantly reduces the number of embryos with a BpII phenotype, in favor of BpI and normal phenotypes. n, number of cases.
Fig. 7. Expression of exogenous G1 and G2 subunits inhibits convergent extension in a Cdc42-dependent way. Messenger RNA encoding G1 and G2
was microinjected alone or in combination with N17 Cdc42, Gi2, or Gt mRNA. Activin-treated animal cap elongation was scored as described in Fig. 5
(A–E). Elongation observed in uninjected controls (A) is significantly inhibited as a result of G12 expression (B). Coexpression of N17Cdc42 (C) clearly
restores elongation. Elongation inhibition caused by G12 expression is also rescued by Gi2 (D) or Gt (E), showing that it specifically results from the
hyperactivation of G signaling. (F) RT-PCR analysis of mesodermal marker gene expression. Expression of mesodermal markers in response to activin
treatment is not modified by G12 expression, indicating that G12 expression directly affects morphogenetic movements and not tissue specification.
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Cdc42 activation by Wnt-11 in embryonic cells since it does
not contain significant amounts of endogenous Wnt-11.
Quantification of the GTP-bound pool of Cdc42 was carried
out by Western blotting, after isolation from explant lysates
by affinity for the Cdc42-binding domain of PAK, ex-
pressed as a GST-fusion protein (GST-PBD) (Parast et al.,
2001). Since endogenous Cdc42 only poorly reacted with
commercially available antibodies, we expressed exogenous
GFP-Cdc42 which could be easily detected with an anti-
GFP antibody. GFP-Cdc42 mRNA alone, in combination
with Wnt-11 or Xfz7 mRNA, was microinjected at the
four-cell stage, and caps were dissected at blastula stage 8
and then cultured until gastrula stage 10.5–11.5 at which
time they were processed for the assay.
Results pooled from four separate experiments (Fig. 1)
show that Wnt-11 induced a 2.3-fold increase of Cdc42
activity. This was found to be significant, according to the
Student’s t test (P  0.05). In contrast, Xfz7 expression
only resulted in a 1.4-fold increase of Cdc42 activity, which
is not significally different from the control (P  0.2). The
absence of a significant difference of Cdc42 activity in
response to Xfz7 expression may result from the absence of
a ligand for Xfz7 in ectodermal explants (Umbhauer et al.,
2000). Nevertheless, the increase of Cdc42 activity in re-
sponse to Wnt-11 expression show that Cdc42 behaves as a
target of Wnt-11 signaling.
Cdc42 activation in response to Wnt-11 is dependent on
G signaling
The above results raise the question of the intracellular
signals activated by Wnt-11 upstream of Cdc42. In a first
attempt to identify these signals, we have tested whether
inhibitors of heterotrimeric G proteins may affect Cdc42
activation in response to Wnt-11. Cdc42 activity was there-
fore measured by GST-PBD pulldown in lysates from ec-
todermal explants expressing Wnt-11 alone, or in combina-
tion with the A protomere of Ptx, Gi2, or Gt. Ptx inhibits
receptor-induced dissociation of G and G subunits,
while exogenous G subunits titer free endogenous G
subunits (Federman et al., 1992; Filtz et al., 1996; Sheldahl
et al., 1999). Quantitative results pooled from four indepen-
dent experiments (Fig. 2) clearly show that the increase of
Cdc42 activity induced by Wnt-11 is totally abolished by
Ptx and inhibitors of G signaling. Indeed, although
Cdc42 activity in response to Wnt-11 was significantly
increased when compared with control lysates expressing
GFP-Cdc42 alone (P  0.03), it dropped to the level of the
unstimulated control as a result of Ptx, Gi2, or Gt coex-
pression (P  0.5, P  0.6, and P  0.7, respectively).
Activation of Cdc42 by Wnt-11 hence requires G signal-
ing, implicating that release of free G subunits might be
a critical step of the intracellular pathway activated by
Wnt-11 upstream of Cdc42.
Activation of G signaling causes Cdc42 activation in a
PKC-dependent manner
The results described above show that G signalling is
necessary for Cdc42 activation by Wnt-11. We then studied
whether it is sufficient to activate Cdc42. Since PKC is one
of the targets of G signaling in ectodermal cells (Sheldahl
et al., 1999), we also analyzed the effect of the PKC inhib-
itor BIS in a parallel test. It is possible to activate G
signaling by overexpressing G and G subunits (Lutz et
al., 2000). Synthetic mRNA encoding bovine G1, bovine
G2, and GFP-Cdc42 were microinjected at the four-cell
stage. Animal caps were dissected at the blastula stage 8 and
cultured in MBS alone or containing 1 M BIS. When
sibling controls reached gastrula stage 10.5–11, Cdc42 ac-
tivity was analyzed by GST-PBD pulldown. The quantita-
tive data obtained from five independent experiments (Fig.
3) show that expression of G12 resulted in a 2.7-fold
increase of the basal activity measured in control lysate
expressing GFP-Cdc42 alone (P  0.01). Upon BIS treat-
ment, Cdc42 activity dropped to the basal level (P  0.4).
Hence, activation of G signalling is sufficient to provoke
an important increase of Cdc42 activity. This effect is sen-
sitive to BIS, indicating that it requires PKC.
PMA is a potent activator of PKC. In a further attempt to
study the role of PKC, we have analyzed whether PMA
treatment of ectodermal explants can induce an increase of
Cdc42 activity. Ectodermal explants cultured until sibling
Table 1
Inhibition of activin-induced elongation in animal caps
Injected mRNA Elongation (%)
  Number
Control 90 10 550
Wnt-11 (100) 20 80 131
Wnt-11  Ptx (100/10) 79 21 66
Wnt-11  Ptx (100/100) 61 39 75
Wnt-11  Gi2 (100/500) 76 24 70
Wnt-11  Gt (100/500) 100  39
Xfz7 (500) 18 82 148
Xfz7  Ptx (500/10) 64 36 73
Xfz7  Ptx (500/100) 78 22 69
Xfz7  Gi2 (500/500) 94 6 71
XFz7  Gt (500/500) 71 29 59
Xdsh (1000) 30 70 64
Xdsh  Ptx (1000/10) 90 10 59
Xdsh  Gi2 (1000/1000) 90 10 70
Xdsh  Gt (1000/100) 83 17 58
Xdsh  N17 Cdc42 (1000/500) 97 3 61
Extra-Xfz7 (1000) 34 66 55
Extra-Xfz7  Ptx (1000/10) 50 50 51
Extra-Xfz7  Gi2 (1000/1000) 45 55 54
Extra-Xfz7  Gt (1000/1000) 43 57 55
Extra-Xfz7  N17Cdc42 (1000/500) 44 56 49
G1  G2 (1000/1000) 18 82 73
G1  G2  Gi2 (1000/1000/1000) 97 3 70
G1  G2  Gt (1000/1000/100) 90 10 79
G1  G2  N17 Cdc42 (1000/1000/500) 97 3 63
Note. Injected mRNA doses indicated between brackets are expressed as
picograms per embryo. , significant elongation (length/width ratio  2);
, no or weak elongation.
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controls were at gastrula stage were incubated in the pres-
ence of 1 M PMA for various periods ranging from 5 to 20
min, after which they were processed for GST-PBD pull-
down. In order to control the specificity of PMA, explants
that had been cultured with 1 M BIS from blastula to
gastrula stage were subjected to the same analysis. As
shown in Fig 4, Cdc42 activation increased significantly as
a result of PMA treatment, culminating at 10 min (2.5-fold
on average; P  0.01). This effect was totally abolished
when explants were preincubated with BIS, thus showing
that it specifically involved PKC.
Inhibition of G restores morphogenetic movements
blocked by the hyperactivation on Wnt-11 signaling
The results described above show that Ptx-sensitive tri-
meric G proteins are playing a critical function in the trans-
duction of Wnt-11 signals regulating Cdc42 activation in
ectodermal cells. It is important to know whether these data
are relevant for mesodermal cells involved in morphoge-
netic movements. If Ptx-sensitive trimeric G proteins trans-
duce Wnt-11 signals regulating Cdc42 activity in mesoder-
mal cells as we have shown in ectodermal cells, Ptx, Gi2,
and Gt should restore the morphogenetic movements
blocked by the hyperactivation of Wnt-11 signalling, in the
same way as N17Cdc42. We have therefore analyzed the
ability of Ptx, Gi2, or Gt to restore elongation of activin-
treated animal caps overexpressing Wnt-11, Xfz7, or Xdsh.
In this test, explant elongation mimicks the convergent
extension movements affecting the DMZ during gastrula-
tion (Symes and Smith, 1987). The different combination of
mRNA (Table 1) were injected at the four-cell stage, and
animal caps were dissected and incubated with activin at the
blastula stage, and then cultured until late neurula stage at
which time they were scored for elongation. As a negative
control, Ptx, Gi2, or Gt mRNA were coinjected with the
soluble inhibitory form extra-Xfz7. Extra-Xfz7 also inhibits
cap elongation but as the result of the inhibition of Wnt-11
signaling. In that case, explant elongation cannot be restored
by N17Cdc42 (Djiane et al., 2000).
Results are summarized in Table 1. As expected, over-
expression of Wnt-11, Xfz7, or Xdsh caused a severe inhi-
bition of explant elongation (Fig. 5). However, when Ptx,
Gi2, or Gt was coexpressed, explant elongation was
significantly restored. In contrast, neither Ptx expression nor
sequestration of free G by Gi2 or Gt could reverse the
inhibition caused by extra-Xfz7 expression. Hence, inhibit-
ing trimeric G-proteins with Ptx, Gi2, or Gt mimicks the
effect produced by the dominant negative version of Cdc42
(Djiane et al., 2000) (Table 1), most probably by lowering
the hyperactivation of Cdc42 caused by the overexpression
of Wnt-11, Xfz7, or Xdsh.
In a further attempt to characterize the role of G
signalling downstream of Wnt-11, we have expanded these
results in vivo. Overexpression of Xfz7 in the dorsal region
of the embryo causes a severe inhibition of gastrulation
movements, which results in a failure of blastopore closure
(Djiane et al., 2000). We have investigated whether coex-
pressing Gi2 with Xfz7 can rescue blastopore closure.
Xfz7 mRNA alone or mixed with Gi2 was injected in the
dorsal equatorial region of four-cell-stage embryos. -Ga-
lactosidase (-gal) mRNA was included in each of the
mRNA mixture injected as a lineage tracer. Embryos were
cultured until neurula stage 16, at which time they were
stained with X-Gal. Only embryos with dorsal X- Gal stain-
ing were scored for blastopore closure defects (Fig. 6).
Embryos less severely affected were characterized by a
retardation of blastopore closure and a clear inhibition of
dorsal axis elongation. They were scored as BpI. Those
scored as BpII exhibited stronger defects which resulted in
the absence of blastopore closure with endodermal cells
exposed externally. Comparison of the phenotypes pro-
duced by the expression of Xfz7 alone, or mixed with Gi2,
show that coexpression of Gi2 resulted in a strong de-
crease of the BpII number and consequently to an increase
of BpI and normal phenotypes (Fig. 6), thus showing that
Gi2 allows a significant rescue of the gastrulation arrest
caused by Xfz7 overexpression.
Overexpression of G1 and G2 inhibits activin-treated
animal cap elongation in a Cdc42-dependent way
We then investigated whether hyperactivation of G
signaling is sufficient to mimick the effect of Wnt-11 over-
expression on animal cap elongation. Messenger RNA en-
coding bovine G1 and G2 subunits were microinjected at
the four-cell stage and embryos processed for the animal
cap assay as described above. As shown in Fig. 7A and B
and summarized in Table 1, elongation of activin-treated
animal caps expressing bovine G1 and G2 was clearly
inhibited. This effect does not result from an early effect of
G12 expression on mesoderm induction and patterning
since mesodermal marker gene expression was not modified
(Fig. 7F). In order to establish that the inhibition of explant
elongation specifically results from G activation, G12
were coexpressed with Gi2 or Gt. In both cases, animal
cap elongation was restored (Fig. 7D and E), as the result of
the sequestration of free G12 by Gi2 or Gt. At the
same dose, expression of Gi2 or Gt alone did not affect
explant elongation (data not shown). In order to analyze
whether G12-mediated inhibition of animal cap elonga-
tion might involve Cdc42 activation, we have tested the
effect of coexpressing N17Cdc42 with G12. In that case,
elongation was clearly restored (Fig. 7C, Table 1). Expres-
sion of N17Cdc42 alone has no effect on explant elongation
(Djiane et al., 2000). These results show that activation of
G signaling phenocopies the effect produced by the over-
expression of Wnt-11 or Xfz7. Together with the observa-
tion that G-mediated inhibition of explant elongation is
also reversed by N17Cdc42, this provides a supplementary
argument for a role of G signaling in the control of
Cdc42 activation downstream of Wnt- 11.
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Inhibition of G signalling in the DMZ results in an
arrest of gastrulation
Our results suggest that regulation of Cdc42 activation
by G signals activated downstream of Wnt-11/Xfz7 is
playing an important role in the control of convergent ex-
tension movements. If this is true, inhibition of G sig-
naling in the DMZ should affect gastrulation in the same
way as inhibition of Cdc42 (Choi and Han, 2002) (our
unpublished data). Messenger RNA encoding Gt was
therefore microinjected in the two dorsal blastomeres of
four-cell-stage embryos at the equatorial level, and embryos
were scored for anomalies of gastrulation.
Gt-expressing embryos developed normally until the
Fig. 8. Dorsal expressions of Gt inhibits gastrulation movements. Messenger RNA encoding Gt was injected dorsally as described in Fig. 6. Embryos were
cultured and scored for anomalies of external morphology. Representative examples are shown at early (A, B), late gastrula stage (C, D), neurula stage (E,
F), and tailbud stage (G–I). (A, C, E, G) Sibling controls. (B, D, F, H, I) Gt-injected embryos. Blastopore closure is strongly affected as a result of Gt
expression. Even when blastopore closure completes, dorsal axis elongation is clearly inhibited (H, I). (J, K) Gt phenotype specifically results from the
inhibition of G signaling. Blastopore closure and dorsal axis elongation blocked by Gt expression (J) are restored by coexpression of G1 and G2 (K).
(L) Dorsal expression of Gt does not affect mesodermal or neural patterning. Embryos were fixed at early (st. 10.5) and late gastrula stage (st.13), and were
processed for in situ hybridization analysis of mesodermal (Xbra, gsc, Xnot, Otx-2) and neural (Sox-3, Otx-2) marker genes expression. All markers analyzed
can be detected in Gt-injected embryos, showing that Gt directly interferes with morphogenetic movements, and not with tissue specification. Xnot
expression at st. 13 reveals that notochord is present dorsally. However, notochord elongation has been dramatically inhibited, indicating that convergent
extension is strongly affected. At st.13, Otx-2 and gsc transcripts are also clearly detected in mesendoderm but at a location which suggests that mesendoderm
has failed to undergo normal involution.
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appearance of the blastoporal slit at the early gastrula stage.
However, by stage 10.5–10.75, retardation of blastopore
formation was evident (Fig. 8A and B). At later stages,
blastopore closure was strongly delayed when compared
with the controls. When sibling controls reached the late
gastrula stage (stage 13), blastopore closure was not com-
pleted for the majority of Gt-injected embryos (Fig. 8C
and D). Exogastrulation was observed for the most severe
cases (Fig. 8D and J). Closure of the blastopore was gen-
erally not improved at neurula stage (Fig. 8E and F), leading
to embryos with a dorsal flexure and a severe inhibition of
dorsal elongation at later stages (Fig. 8G–I). Specificity of
Gt effect was established by coexpressing bovine G1 and
G2. Anomalies of external morphology were scored when
sibling controls had completed neurulation (stage 20–22).
Embryos expressing Gt failed to undergo blastopore clo-
sure in more than 70% of the cases (n  322). When Gt
was coexpressed with G1 and G2, the percentage of
embryos displaying these anomalies dropped to less than
30% (n  169) (Fig. 7J and K).
Mesodermal (Xbra, gsc, Otx-2, Xnot) and neural (Sox3,
Otx-2) gene expression was analyzed to control that the
phenotype produced by Gt expression did not result from
an alteration of tissue patterning (Djiane et al., 2000). None
of these markers was inhibited, showing that the gastrula-
tion defects caused by Gt did not result from an alteration
of mesodermal or neural patterning, and were most likely
due to a direct interference with the morphogenetic move-
ments of gastrulation (Fig. 8L). Interestingly, at the late
gastrula stage 13, Xnot, which is expressed in the chordo-
mesoderm (von Dassow et al., 1993), was detected as a
large patch in Gt-expressing embryos, while it stained the
elongated notochord in the controls. This confirms that
convergent extension of the mesoderm is impaired when
G signaling is inhibited in the DMZ. Gsc and Otx-2
expression at the same stage reveals, however, that mesen-
doderm involution is probably also affected. In sibling con-
trols, these two markers were detected in the mesendoderm
which had migrated in the dorsal anterior region of the
embryo (Cho et al., 1991; Pannese et al., 1995). In Gt-
expressing embryos, gsc and Otx-2 were still detected ex-
ternally or close to the blastopore. Taken together, these
observations show that G signaling is required for com-
pletion of gastrulation. The similarity between the defects
caused by G and Cdc42 inhibition provides a supplemen-
tary argument in favor of a role of G signaling in the
regulation of Cdc42 activity at gastrula stage.
Discussion
The recent results implicating Wnt-11/Xfz7 signals in
the control of convergent extension movements have raised
the questions of the downstream intracellular signals acti-
vated by Wnt-11 in the DMZ, and of the molecular targets
involved in the control of cellular behavior during medio-
lateral intercalation. Here, we show that Cdc42 is activated
as a response to Wnt-11 expression, thus identifying Cdc42
as a downstream target of Wnt-11 signaling. The observa-
tion that G inhibition abolishes Wnt-11-mediated Cdc42
activation, while expression of free G subunits is suffi-
cient to activate Cdc42, leads to the conclusion that activa-
tion of G signaling downstream of Wnt-11 is critically
involved in the regulation of Cdc42. This process probably
involves PKC since G-dependent activation of Cdc42 is
blocked by a PKC inhibitor and PMA treatment activates
Cdc42. Results obtained in activin- treated animal caps
show that a regulation of Cdc42 activity downstream of
Wnt-11/Xfz7 and G plays an important role in the reg-
ulation of morphogenetic movements. Inhibition of G
signaling rescues explant elongation blocked by the hyper-
activation of Wnt-11 signaling, exactly like N17Cdc42.
Conversely, expression of free G subunits inhibits elon-
gation in a Cdc42-dependent manner. Further arguing in
favor of a control of Cdc42 in the DMZ by G signaling,
we show that, in vivo, expression of Gt causes severe
gastrulation defects. Taken together, our results support the
idea that regulation of Cdc42 activity by Wnt-11/Xfz7-
dependent G signaling is an important feature of the
mechanisms regulating convergent extension of the DMZ.
A role of G signaling and PKC in the regulation of
Cdc42 by Wnt-11
Regulation of a Rho GTPase by heterotrimeric G-pro-
teins activated downstream of Wnt/Fz has not been previ-
ously described. However, such a process occurs for other
seven-pass transmembrane receptors. For example, it has
been recently reported that Cdc42 and Rac are both acti-
vated in response to Lisophosphatidic acid (LPA) treatment
in NIH 3T3 cells. This effect is dependent on Gi and G
signaling (Ueda et al., 2001). The molecular mechanisms
Fig. 9. Interpretation diagram summarizing the data concerning signaling
pathways implicated in the regulation of Rho GTPases by Wnt-11/Xfz7.
On the basis of our results, we propose that Cdc42 is activated downstream
of Wnt-11/Xfz7 through a pathway (blue) involving G signaling and
PKC. RhoA activation uses a distinct mechanism requiring its recruitment
whithin a protein complex containing Xdsh and Daam1 (red) (Habas et al.,
2001).
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involved in the direct activation of Cdc42 in response to
Wnt-11 yet are totally ignored. These mechanisms involve
either the activation of a guanine–nucleotide exchange fac-
tor (GEF), or the inhibition of GTPase activation protein
(GAP) for Cdc42. It is possible that a Cdc42-GEF is
activated by G signaling. In the yeast response to pher-
omone, Cdc24, which acts as a Cdc42-GEF, is regulated by
G signals activated by a seven-pass transmembrane
pheromone receptor (Simon et al., 1995; Johnson, 1999).
Recently, two proteins with a GEF activity for Rac, Ras-
GRF1/CDC25Mm (Kiyono et al., 1999) and P-Rex-1, have
been shown to be regulated by G signaling (Welch et al.,
2002). In our experiments, we have observed that
G-induced activation of Cdc42 is sensitive to a PKC
inhibitor, which suggests that PKC might be required in this
process. It is possible that PKC may regulate a Cdc42GEF
downstream of G. Alternatively, PKC may be more
indirectly involved in the regulation of Cdc42, as described
in the case of LPA-induced 3T3 cell spreading on fibronec-
tin where PKC actually modulates G signaling (Ueda et
al., 2001). Nevertheless, a potential role of PKC in the
control of Cdc42 activation by Wnt-11 is consistent with
the results showing that PKC overexpression inhibits ac-
tivin-treated animal cap elongation, and that a dominant
negative Cdc42 is able to restore elongation (Choi and Han,
2002).
Wnt/Fz-dependent G-protein signaling is involved in the
control of convergent extension and tissue separation
during gastrulation
In this study, we show that expression of Gt in the
DMZ causes a severe inhibition of dorsal tissue elongation,
most probably resulting from the inhibition of convergent
extension movements. Nevertheless, we also noticed that
involution of mesendodermal tissue expressing gsc and
Otx-2 is blocked, indicating that another mechanism is
likely to be altered. As already outlined in the introduction,
activation of trimeric G proteins and PKC has already been
implicated in the control of tissue seperation downstream of
Xfz7 during gastrulation (Winklbauer et al., 2001). Tissue
seperation is required for the proper initiation of involution
(Wacker et al., 2000). Inhibition of this process by Gt
expression hence might be responsible for the inhibition of
mesendoderm involution. It is remarkable that expression of
N17Cdc42 in the DMZ causes an inhibition of convergent
extension and blastopore closure in the same way as Gt
(Choi and Han, 2002). In that case also, tissue expressing
gsc and Otx-2 fails to involute (our unpublished data),
indicating that the tissue separation process might be af-
fected as well. These observations raise the question of a
potential role of Cdc42 downstream of Fz7 and PKC in the
control of tissue separation.
Interaction between pathways activated by Wnt-11
upstream of Cdc42 and RhoA
RhoA has been shown to be regulated by Wnt-11/Xfz7
downstream of a transduction pathway involving its recruit-
ment to Xdsh via Daaml (Habas et al., 2001). Here, we
show that another member of the Rho GTPase family is also
regulated by Wnt-11/Xfz7. However, Cdc42 activation uses
a separate pathway, including G and PKC (Fig. 9). Our
observation that N17Cdc42 restores elongation of activin-
treated animal caps overexpressing Xdsh raises the possi-
bility that crosstalks exists between the transduction path-
ways activated by Wnt-11 upstream of Cdc42 and RhoA,
respectively. This idea is further supported by the observa-
tion that interference with G signaling similarly rescues
convergent extension in a context of Xdsh gain-of-function.
Yet, it is difficult to understand at which level of the trans-
duction pathways inhibition of G signaling interferes
with Xdsh function. Indeed, although frizzled receptors are
now thought to activate trimeric G proteins as classical
G-protein-coupled receptors (Malbon et al., 2001), data
concerning the precise features of dsh interaction with friz-
zleds remain elusive. We cannot rule out the possibility that
Xdsh is required for G protein activation by Xfz7. In that
case, increasing Xdsh might cause a hyperactivation of G
signaling that could be balanced by sequestration of free
G. Nevertheless, it seems likely that interference with
G signaling affects more indirectly Xdsh function. For
example, Xdsh has been found to be phosphorylated by
PKC in vitro. The consequences of a potential phosphory-
lation of Xdsh by PKC in a cellular context are not known,
but may affect Xdsh’s ability to activate downstream com-
ponents of the PCP pathway (Kuhl et al., 2001). Alterna-
tively, the modification of a balance between Cdc42 and
RhoA activities similar to that described in 3T3 fibroblasts
could be proposed. In fibroblasts, however, Cdc42 activa-
tion results in the decrease of RhoA activity (Sander et al.,
1999), which argues against this hypothesis. In that case,
one would expect a Cdc42 gain-of-function to rescue Xdsh
overexpression rather than a Cdc42 loss-of-function, as we
have observed. It is clear that future studies will be needed
to identify the possible crosstalks taking place between
pathways activated by Wnt-11 upstream of Cdc42 and
RhoA.
Regulation of cellular behavior by Wnt-11 involves at
least two Rho-GTPases
Although interference with both RhoA or Cdc42 results
in the inhibition of convergent extension movements, it is
most likely that Cdc42 and RhoA are playing distinct func-
tions in DMZ cells. Mediolateral intercalation is a complex
process which requires the fine tuning of cell adhesion and
actin cytoskeleton remodeling. Such a process probably
involves several Rho GTPase as it has been demonstrated
for fibroblast cell migration (Nobes and Hall, 1999). Con-
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sidering the central role played by Wnt-11 signaling in the
control of convergent extension movements, it is not sur-
prising that this control operates at different levels. This
raises the question of the respective functions of Cdc42 and
RhoA during polarization and mediolateral intercalation of
the cells in the DMZ. A mutant form of Xdsh lacking the
PDZ domain (Xdd1) inhibits RhoA activation in the DMZ
(Habas et al., 2001) and causes a loss of cell polarization,
which correlates with the inability of Xdd1-expressing cells
to stabilize protrusions (Wallingford et al., 2000). This
argues for a positive role of RhoA in regulating adhesion at
cell contacts in DMZ cells, in accord with data concerning
the role of RhoA in intercellular adhesion at blastula stage
(Wunnenberg-Stapleton et al., 1999). Our preliminary re-
sults indicate that inference with Cdc42 affects cell behavior
in a very different way. Time-lapse analysis of the behavior
of DMZ cells expressing N17Cdc42 show that these cells
exhibit a rounded morphology with little or no protrusion
(unpublished results). These observations agree well with
the data showing that Cdc42 positively regulates polymer-
ization of fibrillar actin (Rohatgi et al., 1999), which is
critically involved in the production of cellular protrusions
(Borisy and Svitkina, 2000). It is therefore tempting to
speculate that RhoA is playing a positive role in stabilizing
preexisting protrusions, while Cdc42 might be implicated in
the regulation of protrusive activity. Besides, both GTPases
may also be involved during mediolateral intercalation. This
process requires regulation of motility at the two poles of
the cells which may involve Cdc42, and traction mecha-
nisms (Keller et al., 2000) where RhoA may regulate the
molecular motor myosin II (Somlyo and Somlyo, 2000).
Thus, it will be important in the future to analyze the
function of Wnt-11/Xfz7 signals in the regulation of mor-
phogenetic movements at a cellular level. Understanding
how DMZ cells integrate Wnt- 11/Xfz7 signals upstream of
RhoA and Cdc42, as well as which are the respective role of
these GTPase during mediolateral intercalation, represents
important issues to be elucidated.
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